Strains of Candida albicans obtained from human immunodeficiency virus (HIV)-positive individuals prior
to their first episode of oral thrush were already in a high-frequency mode of switching and were far more resistant to a number of antifungal drugs than commensal isolates from healthy individuals. Switching in these isolates also had profound effects both on susceptibility to antifungal drugs and on the levels of secreted proteinase activity. These results suggest that commensal strains colonizing HIV-positive individuals either undergo phenotypic alterations or are replaced prior to the first episode of oral thrush. They also support the suggestion that high-frequency phenotypic switching functions as a higher-order virulence trait, spontaneously generating in colonizing populations variants with alterations in a variety of specific virulence traits.
Most strains of Candida albicans and related species are capable of switching spontaneously, reversibly, and at high frequencies (10 Ϫ4 to 10 Ϫ1 ) between a number of general phenotypes distinguishable by colony morphology (14, 49, 50, 52, 56) . Several lines of evidence suggest that switching plays a significant role in pathogenesis. First, switching has been demonstrated to regulate an ever-increasing number of phase-specific genes, some of which have been implicated in pathogenesis (53, 54, 56) . The list for C. albicans includes the secreted aspartyl proteinase genes SAP1 and SAP3 (17, 21, 30, 31, 32, 68) , the drug resistance gene CDR3 (4), the white phase-specific gene WH11 (22, 62) , the opaque phase-specific gene OP4 (31) , the two-component histidine kinase regulator gene CaNIK1 (63) , the transcription factor gene EFG1 (61, 64) , and a number of new genes that have not been fully characterized (56) . Second, switching has been demonstrated to regulate a number of phenotypic characteristics involved in pathogenesis (52) . The list includes antigenicity (1) , constraints on the budhypha transition (2) , sensitivity to neutrophils and oxidants (20) , adhesion (19, 67) , secretion of aspartyl proteinase (32) , and virulence in a mouse systemic model and a mouse cutaneous model (21, 22) . Third, switching has been demonstrated at sites of infection (58, 59) . Fourth, results from several studies have demonstrated that infecting isolates switch at significantly higher frequencies, on average, than commensal isolates (16) , and that isolates causing deep mycoses switch, on average, more frequently than isolates causing superficial mycoses (18) .
To investigate further the links between high-frequency phenotypic switching and pathogenesis, we compared switching in isolates collected before, during, and after the first episode of oral thrush in human immunodeficiency virus (HIV)-infected patients with that in control isolates collected from healthy, HIV-negative individuals. We then tested the switch phenotypes of freshly isolated strains for levels of expression of secreted aspartyl proteinase and susceptibilities to antifungal drugs. Our results demonstrate that the proportions of colony variants in Candida populations collected before, during, and after the first episode of oral or esophageal thrush are 2 orders of magnitude higher than that in commensal populations collected from healthy individuals. Switching in the strains obtained from HIV-positive individuals in turn was found to affect dramatically the levels of secreted aspartyl proteinase and drug susceptibilities. These results demonstrate that the average strain of C. albicans colonizing the oral cavity of HIVpositive individuals prior to the first episode of oral thrush and prior to antifungal therapy is already in a high-frequency mode of phenotypic switching and is already more resistant to a number of common antifungal agents than the average commensal strain colonizing healthy individuals.
sampling from the place of collection to the laboratory. The cotton end of each swab was inserted into 0.5 ml of sterile water in a polypropylene test tube and vigorously mixed for 30 s with a vortex mixer. A 0.15-ml sample of the swab wash was spread onto each of two agar plates containing supplemented Lee's medium (7) . This agar was formulated to evaluate phenotypic switching (52) and supports the growth of all tested yeast species but Caudida glabrata (26, 27) . A 0.15-ml sample was spread on a CHROMagar plate (Hardy Diagnostics, Santa Monica, Calif.) for primary species typing (33, 36) . This agar supports the growth of all yeast species. This procedure resulted in three plates for each of the three sampled oral locations. The agar plates containing supplemented Lee's medium were incubated for 7 days at 25°C, while the CHROMagar plate was incubated for 48 h at 37°C.
When more than one colony morphology was present on a culture dish, at least one colony exhibiting each morphology was streaked onto an agar storage slant containing supplemented Lee's medium and stored for subsequent analysis. To assess the genetic homogeneity of clonal populations, multiple colonies with the same colony morphology from selected primary plates were individually streaked onto agar slants and stored for subsequent analysis. In all cases, cells from each streaked colony were examined microscopically to verify that they were yeast colonies.
Typing of yeast species was performed with the IDS rapid yeast identification system (Remel, Lenexa, Kans.) or the Vitek YBC automated yeast identification system (BioMerieux, St. Louis, Mo.). In both cases, manufacturer instructions were followed.
Assessing phenotypic switching. The proportion of minor phenotypes in primary cultures plated on supplemented Lee's medium was measured. To assess switching in secondary cultures, cells from a storage streak originating from one colony in the primary culture were suspended in 1,000 l of sterile water. Cells were counted with a hemocytometer and serially diluted in sterile water to a final concentration of 10 3 cells per ml. A 100-l volume, containing 100 cells, was then spread on each of 10 agar plates containing supplemented Lee's medium. Plates were incubated at 25°C for 7 days and then scored for colony phenotype (3, 49, 50, 52) . The average number of colonies per plate was approximately 70.
Fingerprinting C. albicans isolates with probe Ca3. The complex DNA fingerprinting probe Ca3 (2, 25, 41, 44, 55) was used to assess the genetic relatedness of C. albicans isolates by methods previously described (28, 40, 48) . In brief, cells from agar storage slants were streaked on agar containing 2% dextrose, 2% Bacto-Peptone, 1% yeast extract, and 2% agar and incubated for 48 h at 25°C. DNA was then prepared by the method of Scherer and Stevens (46) , and the concentrations were determined with a fluorometer. DNA was digested with EcoRI and electrophoresed in an 0.8% agarose gel overnight at 35 V. DNA from reference strain 3153A was run in the outer lanes of each gel. The gel was stained with ethidium bromide to compare loading between lanes. DNA was then transferred by capillary blotting to a nylon Hybond-N ϩ membrane (Amersham, Piscataway, N.J.) and hybridized with a random-primer-labeled ([ 32 P]dCTP) probe. The membrane was washed at 45°C and exposed to XAR-S film (Eastman Kodak Co., Rochester, N.Y.) with a Cronex Lightning-Plus intensifying screen (Du Pont Co., Wilmington, Del.). DNA hybridization patterns were digitized into the DENDRON software program (version 2.0; Solltech Inc., Oakdale, Iowa) based in a Macintosh computer. The methods for automatic processing and analysis of Southern blot hybridization patterns have been described in detail recently (55) . Similarity coefficients (S AB ) were computed by a formula based on band positions only, and dendrograms were generated by the unweighted pair-group method with arithmetic averages (51) .
Proteinase activity. Cells were streaked from agar storage slants onto Sabouraud dextrose agar plates and incubated at 25°C for 24 h. One colony from each plate was inoculated into a 50-ml Erlenmeyer flask containing 25 ml of Sabouraud dextrose broth and cultured at 25°C in a gyratory incubator for 48 h at 200 rpm. Cells were then pelleted by centrifugation at 5,000 ϫ g for 15 min and resuspended in 25 ml of sterile distilled water. Bovine serum albumin (BSA; Cohn fraction V; Sigma Chemical Co., St. Louis, Mo.)-containing agar plates were made according to the methods described by Staib (65) . In brief, a solution containing 2% glucose, 7.3 mM KH 2 PO 4 , 4.1 mM MgSO 4 and 2% agar (pH 4.5) was sterilized. After it was cooled to 50°C, filter-sterilized BSA and 100ϫ minimum essential medium vitamins (Flow Laboratories, Inc., McLean, Va.) were added to concentrations of 1.0% (wt/vol) and 1ϫ, respectively. The mixtures were poured into plates and cooled. Resuspended cells were counted with a hemocytometer and adjusted to 10 8 cells per ml. Each plate was inoculated with a 5-l aliquot of the cell suspension and incubated at 37°C for 96 h in a humidified incubator. The colony phenotype was verified by plating 10 l of the cell suspension on a Lee's medium-supplemented agar plate and incubating the plate for 7 days at 25°C. The plates were then flooded with 20% trichloroacetic acid for 20 min and washed briefly with phosphate-buffered saline (pH 7.0). The plates were stained with 0.6% amido black in methanol-acetic acid-distilled water (45:10:45) for 10 min and destained with the same solution lacking amino black for 30 min. After destaining, the plates were allowed to air dry for 24 h and then were examined with backlighting for clear zones around the colonies. The diameter of the clear zone surrounding each colony was measured with a Boley gauge. All assays were conducted in triplicate.
Antifungal susceptibility. Cells from storage slants were grown on potato dextrose agar plates for 24 h at 30°C. Suspensions were prepared from individual colonies with 5 ml of sterile 0.85% saline to a density of a 0. When no minor phenotypes were identified in primary platings, 1 was divided by the total number of colonies to obtain a maximum estimate of the fraction of minor phenotypes.
d
The average proportion was computed by dividing the total number of minor phenotypes by the total number of colonies scored for nine patients. (43) for the spectrophotometric method of inoculum preparation, with an inoculum concentration range of 0.5 ϫ 10 3 to 2.5 ϫ 10 3 cells per ml and RPMI 1640 medium buffered to pH 7.0 with 0.165 M morpholinepropanesulfonic acid (MOPS) buffer (Sigma). One hundred microliters of yeast inoculum was added to 100 l of antifungal drug solution (2ϫ final concentration) in each well of the microdilution trays. Final concentrations of the antifungal agents were 0.12 to 4.00 g/ml for amphotericin B, 0.03 to 2.00 g/ml for nystatin, 0.12 to 128.00 g/ml for fluconazole, 0.06 to 64.00 g/ml for 5FC, and 0.007 to 8.000 g/ml for voriconazole and clotrimazole. The trays were incubated in air at 35°C and analyzed for the presence or absence of growth at 24 and 48 h. After the wells had been agitated, spectrophotometric readings of each well were obtained with a Biowhittaker Microplate 2001 reader (Anthos Labtec Instruments, Salzburg, Austria) at 492 nm. MIC endpoints were determined as the first concentration of the antifungal agent at which turbidity in the well was at least 50% less (5FC, fluconazole, voriconazole, and clotrimazole) or at least 90% less (amphotericin B and nystatin) than that in the control well (38) .
Statistical analysis. Statistical analysis was performed using a Kruskal-Wallis analysis of variance for ranks and Tukey-Kramer post hoc tests. Significant differences were noted as P values of Ͻ0.05. When pairs of data were evaluated, the Student t test was used.
RESULTS
The average proportion of variant colonies in primary cultures from HIV-positive patients is elevated. Of 54 HIV-positive patients, 43 (80%) tested positive for oral yeast. The colony phenotypes on primary agar plates containing supplemented Lee's medium (7) were assessed, regardless of whether these patients subsequently presented with thrush. The primary plates for 38 patients (88%) contained at least two different colony morphologies, while those for only 5 patients (12%) contained one colony morphology. Of 24 healthy control individuals, 12 tested positive for oral yeast. None of the primary plates for the 12 control individuals with yeast contained more than one colony phenotype. These results demonstrated that, on average, colonizing populations of yeast in the oral cavity of HIV-positive individuals were phenotypically heterogeneous, while those of healthy individuals were phenotypically homogeneous.
Eleven HIV-positive patients presented with oral thrush during surveillance. The major phenotype and the proportions of minor phenotypes in the primary cultures of nine of these patients (I1, I2, I3, I4, I5, H1, H2, FB3, and FB4) were assessed before, during, and after their first episode of oral thrush. Data could not be collected from primary cultures for 2 of the 11 patients (FB1 and FB2) because of the very high densities of colonization. In seven of the nine primary cultures that could be analyzed (78%), the proportion of colonies exhibiting a minor phenotype before the first episode of thrush was greater than 5 ϫ 10 Ϫ2 (Table 1 ). The mean proportion of colonies exhibiting minor phenotypes for the nine patients before the first episode of thrush was 1.6 ϫ 10 Ϫ1 (Table 1 ). The dominant phenotype in six of the nine primary platings was smooth white. In three cases, however, the dominant phenotype was heavily myceliated or myceliated ( Table 1 ). The smooth white The proportion of minor phenotypes in the primary cultures of these nine HIV-positive patients differed markedly from that of the 12 control individuals. In all of the latter cases, the phenotype of the oral commensal was uniformly smooth white and the mean frequency of variants was estimated to be Ͻ10
Ϫ3
, a value at least 2 orders of magnitude lower than that for the nine HIV-positive patients prior to an episode of thrush (Table  1) .
During the first episode of oral thrush, the mean intensity of colonization increased sevenfold and the proportion of minor phenotypes in the primary cultures of four of the nine HIVpositive patients remained very high. The mean proportion of minor phenotypes was 2.5 ϫ 10 Ϫ2 , at least 25 times higher than the mean proportion in primary cultures for the nine control individuals (Table 1) . After the first episode of oral thrush, the mean intensity of colonization decreased fourfold, but the proportion of minor phenotypes in the primary cultures was again high in four of the six patients from whom samples were obtained. The mean proportion of minor phenotypes was 1.1 ϫ 10 Ϫ1 , 2 orders of magnitude higher than that in cultures for the control individuals (Table 1) .
In secondary platings, cells from individual storage streaks of well-distinguished single colonies from primary cultures were replated. The mean proportion of minor phenotypes was again high for isolates obtained before, during, and after the first episode of thrush. The mean proportions in secondary platings were 8.6 ϫ 10 Ϫ2 , 4.4 ϫ 10 Ϫ2 , and 6.5 ϫ 10 Ϫ2 , respectively (Table 2 ). Secondary platings of 12 random clones from primary platings of control isolates were also performed. The average proportion of variant phenotypes was 3.3 ϫ 10 Ϫ3 (data not shown), more than 1 order of magnitude less than that in cultures for HIV-positive individuals. The differences between the mean proportions of minor phenotype in cultures from HIV-positive and control individuals were significant, with P values of Ͻ0.05.
Variant phenotypes reflect switching even when the colonizing yeast population includes multiple strains. The primary plating experiments demonstrated that the proportion of variant colony morphologies in colonizing populations of HIVpositive individuals was, on average, 2 orders of magnitude higher than that in colonizing populations of control individuals. Although the results of the secondary plating experiments indicated that many of the variant phenotypes in primary platings of the samples from HIV-positive individuals were the result of switching, some of the colony variability also could have been due to colonization by multiple strains. To test strain heterogeneity, several individual clones from primary cultures for each of the 11 individuals with thrush were fingerprinted with the complex DNA fingerprinting probe Ca3 (48). Ca3 is specific for C. albicans (44) and has been demonstrated to be effective in distinguishing between completely unrelated strains, in identifying the same strain in different samples, in identifying microevolution within a strain, and in grouping moderately related isolates in cluster analyses (40, 55) .
Southern blot hybridization patterns were compared between every pair of isolates in a test group by calculating the S AB based on band position alone. An S AB of 0.69 represents unrelatedness, an S AB between 0.90 and 0.99 reflects highly similar patterns, and an S AB of 1.00 indicates identical patterns (55) . For 4 of the 11 collections of isolates from HIV-positive individuals with oral thrush (FB2, FB3, FB4, and I3) , the DNA fingerprints of all isolates, including those with variant phenotypes, were similar or identical (i.e., exhibited an S AB of Ն0.90); this result demonstrated carriage of a single strain The phenotypes of the secondary platings in these cases differed from those of the primary platings. There are two possible explanations. First, when a switch phenotype is stored, there is often enrichment of another switch phenotype after growth and maintenance, the likely explanation for these results. Second, bacteria in the original cultures can alter phenotype.
prior to, during, and subsequent to the first episode of thrush. All of these isolates exhibited elevated levels of switching in secondary platings. An example of the fingerprinting patterns of the collection of isolates from patient I3 is presented in Fig.  2 . Prior to the first episode of thrush, 14 clones, including 12 smooth white and 2 heavily myceliated, exhibited similar or identical Ca3 hybridization patterns. During the first episode of thrush, nine smooth white clones shared the same pattern (Fig. 2) .
For 2 of the 11 collections of isolates from HIV-positive individuals with thrush (I4 and H1), multiple clusters were separated in dendrograms by nodes well below an S AB of 0.90. In each patient collection, genetically distinct isolates included multiple phenotypes. This fact is evident in the phenotypes and fingerprint patterns of clones isolated from patient H1 (Fig.  3A) . Prior to the first episode of thrush, the patient had two genetically distinct strains, one that expressed a smooth white and a heavily myceliated phenotype and a second that expressed FIG. 2. Southern blot hybridization patterns generated with the Ca3 probe for clones isolated from patient I3 (A) and the dendrogram generated from S AB measurements (B). Molecular sizes in kilobases are noted to the left of the Southern blots. The threshold S AB for considering isolates unrelated and highly related (56) are indicated by broken lines. Two major clusters with a node separating them at an S AB of 0.88 are indicated by brackets to the right of the dendrogram. The last number of each isolate designation refers to the individual clone. Pattern images in this case were unwarped, straightened, and normalized with DENDRON software.
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a myceliated phenotype. Separation of the two strains is apparent at an S AB of 0.57 (Fig. 3B) . During the second episode of oral thrush, the strain that had exhibited only a mycelial phenotype during the first episode now also expressed a smooth white phenotype, and a third strain, Hlbsw8, appeared in the population. In the collections from the remaining five HIV-positive individuals with thrush, four involved strain replacement, but in each case, multiple colony phenotypes were present for each strain (data not shown). These results demonstrated that even though yeast populations colonizing the oral cavity of HIVpositive patients sometimes included genetically unrelated strains, the individual strains exhibited high proportions of variant phenotypes, indicating high frequencies of switching.
Proteinase activity varies as a function of colony morphology. Based on the observation that switching in vitro regulates a variety of putative virulence traits and putative virulence genes (52, 56) , including the expression of at least two protein- FIG. 3 . Southern blot hybridization patterns generated with the Ca3 probe for clones isolated from patient H1 (A) and the dendrogram generated from S AB measurements (B). Molecular sizes in kilobases are noted to the left of the Southern blots. The thresholds for considering isolates unrelated and highly related (56) are indicated by broken lines. The last number of each isolate designation refers to the individual clone.
ase genes, SAP1 and SAP3 (17, 21, 30, 31, 32, 68) , we examined whether the variant phenotypes of the strains isolated from HIV-positive patients differed in secreted proteinase activity.
The average proteinase activities of isolates collected before and during the first episode of oral thrush were statistically indistinguishable from one another as well as from those of isolates from healthy control individuals (P Ͼ 0.05) (Fig. 4A) . However, the average proteinase activity of isolates obtained from individuals after the first episode of thrush was significantly higher than that of isolates obtained before or during the first episode or from healthy individuals (P Ͻ 0.05).
Proteinase activity, however, varied dramatically among colony phenotypes. While the average proteinase activities computed from the pooled data for the smooth white, star, and myceliated phenotypes of all analyzed isolates were relatively low, the average activities computed from the data for heavily mycelial, irregular wrinkle, and ring were relatively high (Fig.  4B ). The differences between the proteinase levels in the former and latter groups were statistically significant (P Ͻ 0.001). Even more dramatic differences in proteinase activity existed between switch phenotypes of the same strain. In Fig.  5 , the proteinase activity is presented for variant phenotypes of each of three strains from patients H2, FB2, and I4. For the strain from patient H2, irregular wrinkle released 3 times more activity than smooth white, heavily myceliated, ring, and star (Fig. 5A) ; for the strain from patient FB2, irregular wrinkle released 6 times more activity than smooth white and 25 times more activity than myceliated (Fig. 5B) ; for the strain from patient I4, myceliated and heavily myceliated released approximately 4 times more activity than smooth white (Fig. 5C ). These results demonstrate that variant phenotypes that are either dominant or appear frequently in C. albicans populations colonizing HIV-positive individuals release higher levels of proteinase, on average, than the smooth white phenotype, which represents the dominant phenotype of populations colonizing healthy individuals. However, it should also be noted that although the averaged data for phenotypes suggest that particular general phenotypes (e.g., heavily myceliated, ring, and irregular wrinkle), on average, release high levels of proteinase activity (Fig. 4B) , variability was observed between the same variant phenotypes expressed by different strains. For instance, while the myceliated phenotype of the strain from patient FB2 exhibited a very low level of proteinase activity (Fig. 5B) , the myceliated phenotype of the strain from patient I4 exhibited a relatively high level of proteinase activity (Fig.  5C ).
FIG. 4.
Mean proteinase activities of isolates collected before, during, and after the first episode of oral thrush in HIV-positive individuals (A) and of isolates exhibiting different colony morphologies (B). Activity is also presented for control isolates (A). Proteinase activity was measured as the diameter of the cleared zone around a colony on BSA-containing agar. sw, smooth white; myc, myceliated; hm, heavily myceliated; iw, irregular wrinkle. The numbers of isolates analyzed before, during, and after the first episode were 162, 184, and 173, respectively. The number of control isolates analyzed was 40. The numbers of sw, myc, hm, ring, star, and iw isolates analyzed were 180, 110, 103, 52, 53, and 61, respectively.
FIG. 5.
Proteinase activities of the different switch phenotypes in the switching repertoires of isolates from patients H2, FB2, and I4. sw, smooth white; hm, heavily myceliated; iw, irregular wrinkle; myc, myceliated. Error bars represent standard deviations. The numbers of isolates with sw, hm, ring, star, and iw phenotypes analyzed for patient H2 were 19, 17, 15, 10, and 12, respectively; those with sw, myc, and iw phenotypes for patient FB2 were 23, 23, and 20, respectively; and those with sw, myc, and hm phenotypes for patient I4 were 16, 18, and 21, respectively.
Drug susceptibility varies as a function of colony morphology.
Isolates from the 11 HIV-positive individuals were tested for susceptibility to the common antifungal drugs nystatin, 5FC, amphotericin B, fluconazole, clotrimazole, and voriconazole. The combined results for all isolates from the 11 HIVpositive individuals before, during, and after the first episode of oral thrush were a bit surprising (Fig. 6 ). There was no indication of an increase in drug resistance after the first episode of thrush and antifungal drug therapy (Fig. 6C) . In fact, there appeared to be a decrease in susceptibility to voriconazole and fluconazole and no obvious trend in susceptibility to 5FC (which went up and then down), to clotrimazole (which went down and then up), to amphotericin B (which stayed the same), or to nystatin (which went up after the first episode) (Fig. 6) .
Although average levels of susceptibility indicated that no consistent changes were associated with an episode or treatment of the first episode of oral or esophageal thrush, there was a dramatic difference between all of the isolates from HIV-positive patients and all of the isolates from control individuals. The average susceptibility of 10 tested control isolates to 5FC, voriconazole, amphotericin B, and fluconazole (Fig. 6D) was approximately 1 order of magnitude lower than that of HIV isolates (Fig. 6A, B, and C) . In addition, pronounced differences in average susceptibility existed among switch phenotypes. For instance, while stipple was highly susceptible to fluconazole (Fig. 7A) and voriconazole (Fig. 7B) , irregular wrinkle was far less susceptible to both (Fig. 7A and  B) . While the susceptibilities of the different phenotypes to the two azoles were consistent, susceptibility to 5FC was quite different (Fig. 7C) . On the other hand, there was no significant difference among phenotypes in susceptibility to amphotericin B (Fig. 7D) .
Dramatic differences in susceptibility were observed among the switch phenotypes of individual colonizing strains for fluconazole, voriconazole, and 5FC but, again, no differences were observed for amphotericin B (Fig. 8) . For instance, the smooth white and irregular wrinkle phenotypes of the strain colonizing patient FB2 were highly susceptible to fluconazole and voriconazole, while star and ring were far less susceptible (Fig. 8A) . In contrast, all phenotypes were equally susceptible to 5FC and amphotericin B (Fig. 8A) . While the irregular wrinkle phenotype of the strain colonizing patient H2 was far less susceptible to fluconazole and voriconazole than smooth white, heavily myceliated, and ring, heavily myceliated and ring were far less susceptible to 5FC than irregular wrinkle and smooth white (Fig. 8C) . In some cases (e.g., the switch phenotypes of the strain colonizing patient I1), there were no significant differences between variant phenotypes and smooth white in susceptibility to any of the tested drugs (Fig. 8D) .
In contrast to the switch phenotypes of strains recently isolated from HIV-positive patients, the switch phenotypes of each of the established laboratory strains (3153A and WO-1) of C. albicans exhibited little difference in susceptibility to fluconazole, voriconazole, and 5FC (Fig. 8E, F , and G, respectively). The switch phenotypes of strain 3153A also exhibited little difference in susceptibility to amphotericin B (Fig. 8H) . However, opaque-phase cells of strain WO-1 were more susceptible to amphotericin B then were white-phase cells (Fig.  7H) , as demonstrated in a previous study (57) . 
DISCUSSION
Virtually all tested strains of C. albicans and related species (52, 60; D. R. Soll, unpublished observations), as well as other infectious fungi, such as Cryptococcus neoformans (12, 15) , can undergo high-frequency phenotypic switching. Although switching was first identified through its effects on colony morphology, it was soon demonstrated that the spontaneous and reversible process had profound effects on a number of cellular characteristics, including several putative virulence traits. With the white-opaque transition as a model, it was further demonstrated that switching could affect virulence in animal models. While white-phase cells were highly virulent in a mouse tail injection model for systemic infection, they were only weakly virulent in a mouse skin model for cutaneous infection (21, 22) . In contrast, opaque-phase cells, representing the alternate switch phenotype, were weakly virulent in the systemic model but highly virulent in the cutaneous model. These results have provided the most direct evidence that variants generated by spontaneous high-frequency switching provide a population of infecting cells with a variety of phenotypic states for rapid adaptation to changes in host physiology and anatomical location and for quick responses to challenges from the immune system and antifungal drug therapy. Subsequent studies have demonstrated that switching regulates a variety of phase-specific genes, several of which encode putative virulence factors, and that specific molecular circuitry has evolved for the regulation of phase-specific gene expression in the switching process (reviewed in references 53, 54, and 56).
Here, we have examined whether isolates from HIV-positive individuals switch at higher frequencies, on average, than isolates from uninfected individuals and whether switching in fresh isolates affects the secretion of acid proteinase and susceptibility to several antifungal agents. Our results demonstrate (i) that primary cultures of C. albicans from the oral cavities of HIV-positive individuals contain proportions of variant colony morphologies 320 times higher, on average, than those in primary cultures of isolates from the oral cavities of control individuals; (ii) that the majority of these variants result from switching; (iii) that strains from HIV-positive individuals continue to switch at frequencies much higher than those of strains colonizing control individuals; (iv) that switching in strains derived from HIV-positive patients has a profound effect on both proteinase secretion and drug susceptibility; and (v) that strains infecting HIV-positive individuals, even before their first episode of oral thrush and associated drug therapy, are, on average, far more resistant to antifungal drugs than strains from healthy control individuals.
Increased frequency of switching. The colony morphologies of primary cultures of commensal isolates from 12 healthy individuals were uniformly smooth white, and the proportion of variants in secondary platings of random clonal isolates from these primary cultures remained low. In marked contrast, the proportion of variant colony morphologies in primary cultures of isolates from HIV-positive individuals prior to the first episode of thrush was, on average, 1.6 ϫ 10 Ϫ1 , and the average proportion of variants in secondary platings was 8.6 ϫ 10
Ϫ2
. The fact that clonal isolates from primary cultures of HIVpositive patients still generated variant colony morphologies in secondary platings at a frequency between 1 and 2 orders of magnitude higher than that of isolates from healthy control individuals suggests that the former switch at significantly higher rates.
Our results demonstrate that the C. albicans strains colonizing the oral cavity of HIV-positive individuals prior to the first episode of thrush usually persist through subsequent episodes, as have others (5, 11, 47) , and that the high rates of switching persist. The observation that isolates obtained from HIV-positive individuals prior to thrush are, on average, already in a high-frequency mode of switching suggests that changes in the oral cavity of HIV-positive individuals prior to thrush either induce an increase in the switching frequency of commensal strains or select new strains with increased switching frequencies. Other differences in isolates obtained from HIV-positive patients have been documented, including increased adherence to epithelial cells (35, 66) and increased expression of secreted aspartyl proteinases (10, 34) .
Effects of switching on proteinase secretion. Although the average levels of proteinase secretion by isolates from HIVpositive individuals before, during, and after the first episode of thrush were not significantly different from those of control isolates, in contrast to previous studies (10, 34) , the effects of switching on proteinase secretion were dramatic. This was not a surprising result, since it has been demonstrated that switching of laboratory strains regulates the transcription of the secreted aspartyl proteinase genes SAP1 and SAP3 (17, 29, 32, 68) and that the regulation of SAP1 expression by switching affects virulence in a mouse model of cutaneous infection (21) . The high frequency of switching in C. albicans populations colonizing HIV-positive individuals results in variant phenotypes secreting very different levels of aspartyl proteinase and, presumably, exhibiting very different combinations of virulence traits (52, 53, 54, 56) . The high level of spontaneous variability in these populations would provide them with the advantage of rapid adaptation.
Increased levels of drug resistance. In addition to increased rates of switching, strains colonizing HIV-positive individuals also exhibit, on average, elevated levels of resistance to a variety of antifungal drugs, including 5FC, voriconazole, fluconazole, and amphotericin B. Surprisingly, the strains colonizing HIV-positive individuals exhibited elevated resistance prior to drug therapy, just as they did elevated frequencies of switching. Again, these results suggest either that the original commensals in these individuals were induced to be more drug resistant or that more drug-resistant strains replaced the original commensals as a result of changes in the oral cavity associated with HIV infection. In either case, the inducing or selecting condition was not drug treatment, which has been documented to induce drug-resistant strains in HIV-positive individuals (6, 8, 9, 13, 23, 24, 39, 42 ) through a variety of molecular mechanisms (29, 45) .
We have presented evidence here that switching can have a profound effect on the susceptibility of a strain to a variety of antifungal agents. The increased frequency of switching in strains from HIV-positive individuals increases the proportion of phenotypes in a colonizing population that are drug resistant. This finding should not be surprising, since it has been demonstrated that switching regulates the transcription of selected genes involved in drug resistance (4; D. Sanglard, personal communication). FIG. 8 . Sensitivities of the different switch phenotypes in the switching repertoires of isolates from patients FB2 (A), FB3 (B), H2 (C), and I1 (D) to fluconazole, voriconazole, 5FC, and amphotericin B. The numbers of sw, ring, star, and iw isolates analyzed for FB2 were 15, 10, 11, and 12, respectively; for FB3, the numbers of sw, myc, and iw isolates were 30, 35, and 25, respectively; for H2, ring, and iw isolates were 25, 21, 20, and 11, respectively; and for I1, the numbers of sw, myc, and hm isolates were 20, 28, and 30, respectively. Abbreviations for switch phenotypes are defined in the legend to Fig. 7 . Surprisingly, the switching systems of fresh C. albicans isolates from HIV-positive individuals had a far greater impact on drug resistance than on the two established strains (3153A and WO-1) that are commonly used to study switching under laboratory conditions. The levels of resistance achieved by switch phenotypes in strains freshly isolated from HIV-positive individuals were in some instances 1 order of magnitude higher. It is not clear whether maintenance under laboratory conditions diminished drug resistance in strains 3153A and WO-1 or whether the strains were never resistant. If the latter were true, then the isolates from HIV-positive individuals might have been unique in their elevated levels of drug resistance. In either case, these results suggest that in future studies in which the role of switching in drug resistance is investigated, the switching systems of fresh pathogenic isolates, not those of established laboratory strains, should be used.
